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I. Introduct ion

An in te l l igent machine system i s an autonomous o r semi-autonomous
system t h a t can do use fu l work i n an uncerta in environment. A n
in te l l igent machine system consis ts o f t h e eight basic elements
shown i n Figure 1.

1. ACTUATORS -- The output o f an in te l l igent machine system
i s produced by a s e t o f actuators and s e w 0 con t ro l s which
pos i t i on , move, and e x e r t fo rces on arms, hands, too l s , vehic les,
and sensor p la t forms. An i n t e l l i gen t machine system may have
tens, hundreds, o r even thousands o f actuators, a l l coordinated
i n o rde r t o accomplish a goa l o r task.

2. SENSORS -- Input i s through a se t o f sensors such as
vision, t a c t i l e , force, torque, pos i t ion , distance, vibrat ion,
acoust ic, and temperature measuring devices t h a t moni tor bo th the
s t a t e o f t h e e x t e r n a l wo r l d and t h e i n t e r n a l s t a t e o f t h e
in te l l igent machine system.

3. TASK DECOMPOSITION -- Behavior i s generated by a system
which decomposes high l e v e l tasks i n t o low l e v e l act ions. An
in te l l igent task decomposition system has the a b i l i t y t o
formulate o r se lec t e f f e c t i v e plans o f ac t ion and s e t p r i o r i t i e s
based on values such as cost, r i s k , and utility. Plans a r e
str ings o f intended act ions selected from a wide range of
p o t e n t i a l a c t i o n sequences. A n in te l l igent task decomposition
system i s ab le t o plan and execute e f f e c t i v e ac t ions i n the
presence o f uncertain, incomplete, and sometimes i n c o r r e c t
in fo rmat ion . An in te l l i gen t system continuously moni tors the
execution o f plans, and replans when t h e s i t u a t i o n requ i res . It
a l s o has t h e a b i l i t y t o reason about geometry, dynamics, and
space - time.

.............................
Commerical equipment i s iden t i f i ed i n t h i s paper i n order t o
adequately descr ibe t h e systems t h a t were developed. I n no case
does such i d e n t i f i c a t i o n imply recommendation by t h e Na t i ona l
Bureau o f Standards, no r does it imply t h a t t h i s equipment was
necessari ly the.best a v a i l a b l e f o r t h e purpose. This paper was
prepared i n conjunction with the o f f i c i a l du t ies of Un i ted S t a t e s
Government employees, and i s not subject t o United States
copyright.
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The example task decomposition system described i n t h i s paper
consis ts o f a hierarchy o f planners t h a t simultaneously generate
and coordinate plans a t each l e v e l , w i t h d i f f e r e n t planning
horizons and d i f f e r e n t degrees o f d e t a i l a t each leve l .

4. GOAL SELECTION -- Goals are defined as s i t ua t i ons o r
events t o be achieved which have value t o the system. A t t h e
highest l e v e l o f cont ro l , an in te l l igent machine i s a system
which se lec ts and p r i o r i t i z e s goals so as t o maximize t h e b e n e f i t
and m i n i m i z e t h e cost and r i s k f o r t h e o v e r a l l system.

5. VALUES -- I n o rde r t o s e l e c t goals and assign
p r i o r i t i e s , an in te l l i gen t machine system must have a s e t o f
values which enable in te l l i gen t machine systems t o eva luate
s i tua t ions and events. These values enable t h e con t ro l system t o
choose between goals, t o assign resources t o tasks, and t o
generate p r i o r i t i e s t h a t maximize p a y o f f and m i n i m i z e cos t and
r i s k . The eva lua t ion o f bo th planned and observed s i t ua t i ons and
events depends on t h e values assigned t o resources such as t i m e
and m a t e r i a l , as w e l l as on t h e p r i o r i t i e s assigned t o cost ,
r i s k , payof f , and survival.

6. WORLD MODEL -- An i n t e l l i g e n t machine system must have
an i n t e r n a l model o f t h e wor ld which contains knowledge about:

a) both gener ic and spec i f i c objects, groups, and
assemblies i n the wor ld. Th is knowledge includes pos i t i on ,
ve loc i t y , geometry, topology, m a t e r i a l proper t ies, surface
charac te r i s t i cs , dimensional to lerance, and kinematic and dynamic
proper t ies. About in te l l igent objects, t h e w o r l d model may a l s o
conta in knowledge o f c a p a b i l i t i e s , t yp i ca l behaviors, and
probable intent ions.

b) t h e wor ld i t s e l f including bo th spec i f i c .
in fo rmat ion such as temperature, wind ve loc i ty , and illumination,
as w e l l as genera l in format ion such as t h e laws o f physics,
chemistry, opt ics,

c) 2-D and 3-D maps o f how space i s f i l l e d , both f rom
a wor ld coord inate frame and f rom each individual machine's
viewpoint ,

d) measures o f probabi l i ty ,
b e l i e v a b i l i t y f o r data i n t h e wor l d model.

confidence, and

e) The world model must a lso have means f o r updating
and maintaining consistency o f i t s databases, and f o r making
predict ions as t o what sensory data i s expected, and f o r
simulating what resu l t s could be ant ic ipated from hypothesized
plans o f act ion.

7. SENSORY PROCESSING -- An i n t e l l i g e n t machine system must
have a s e t o f sensory signal processing algor i thms t h a t de tec t
events, and recognize features, objects, and re la t ionsh ips i n t h e
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world. An in te l l igent machine system must i n t e g r a t e b o t h
tempora l ly and s p a t i a l l y over signals der ived f r o m a wide va r i e t y
o f sensors so as t o determine distance, shape, or ien ta t ion ,
surface charac ter is t i cs , and m a t e r i a l proper t ies o f objects and
regions o f space. Sensory processing may include recogni t ion o f
speech, and i n t e r p r e t a t i o n o f v isua l images, language, and music.

8. SYSTEM INTEGRATION -- I n order t o connect the above
systems together, t h e r e must be a computing archi tecture,
d is t r ibuted databases, communications, and operator i n t e r f a c e .
These should include systems f o r programming, debugging,
generating process plans, and entering geometric da ta describing
objects and t e r r a i n da ta o f regions describing regions o f t h e
world.

A s def ined here, t h e superstructure o f inte l l igent machine
systems i s gener ic and may be applied t o a wide v a r i e t y o f
app l ica t ion areas, including manufacturing, construction,
undersea, m i l i t a r y , ou te r space, and domestic serv ice robots.
Each spec i f i c i n t e l l i g e n t machine system will have app l i ca t i on
s p e c i f i c data i n i t s wor ld model, and domain spec i f i c
a lgor i thms i n i t s con t ro l and sensory processing systems.

What i s common t o a l l i n t e l l i gen t machine systems i s t h e a b i l i t y
t o process sensory informat ion, t o bui ld and use wor ld models,
t o decompose tasks, t o plan, schedule, and execute act ions, and
t o eva luate the r e s u l t s o f those act ions. The w o r l d model o f an
in te l l i gen t machine system will contain much a p r i o r i knowledge
such as maps o f places and t h e geometry o f objects. The sensors
and sensor processing systems a l l ow t h i s a p r i o r i in fo rmat ion t o
be v e r i f i e d , updated, modif ied, o r d e l e t e d based on observat ions.

A n i n t e l l i gen t machine system may include robots, machine t o o l s ,
ma te r i a l s t ranspor t systems, assembly machines, o r inspec t ion
systems which move, posi t ion, cut, fasten, push, and t w i s t t o o l s
and objects. It will typ ica l l y contain some mob i l i t y mechanism
o r vehic le, and some type o f manipulator arms, hands, and t o o l s .
It will necessari ly have many sensors, and a rea l - t ime, sensory -
in te rac t i ve , goal - directed con t ro l system.

11. An Experimental In te l l igent Machine System
Mu l t i p l e Autonomous Underwater Vehicles

The c o n t r o l system arch i tec ture being developed f o r t h e Mu l t i p l e
Autonomous Underwater Vehic le (MAW) pro jec t i s an example o f an
in te l l i gen t machine system. The spec i f i c research top ics being
addressed by t h e MAW p r o j e c t are: h ie ra rch ica l d istr ibuted
cont ro l , r e a l - t i m e planning, wor ld modeling, value -driven
reasoning, in te l l i gen t sensing and communication, and cooperative
problem solving by two in te l l igent vehicles i n a na tu ra l and
p o t e n t i a l l y h o s t i l e environment.

Demonstration scenarios have been designed t o study, and attempt
t o m i m i c , aggression, predation, explorat ion, escape,
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communication, and cooperation. Such behaviora l a c t i v i t i e s are
common i n a l l in te l l igent creatures i n nature, and a re
par t i cu la r ly re f i ned i n humans. It can be argued t h a t r e l a t i v e
success o r f a i l u r e i n these behaviors i s what provides the
na tu ra l se lec t i on pressure t o drive t h e evo lu t ion of
in te l l i gence .

Among t h e behaviora l scenarios being developed are:

messages about what has been found.

p ic tures .

a) One v e h i c l e searches an area w h i l e t h e o ther r e l a y s

b) One vehic le i l l u m i n a t e s a t a r g e t wh i le another takes

c) One veh ic le hunts f o r prey whi le the o ther l i e s i n w a i t .
d) One veh ic le a t t r a c t s t h e prey 's a t ten t i on , w h i l e t h e

e) When i n danger, one veh ic le draws a t t e n t i o n t o i t s e l f ,
o ther closes i n f o r t h e kill.

whi le the o the r escapes w i t h va luable in format ion.

Value driven log i c [l]al lows each veh ic le t o weigh t h e value o f
i t s own survival against t h e success o f t h e mission.

The study o f scenarios involving t w o vehic les permi ts research on
communication as a goa l d i rec ted a c t i v i t y . For example, what
in fo rmat ion should be transmi t ted? f o r what purpose? and when?
When i s the va lue o f a p iece o f i n fo rma t i on o f s u f f i c i e n t va lue
t o incur t h e r i s k t o survival o f revea l ing one's presence by
transmit t ing a message? What are communication s t r a t e g i e s which
balance t h e r i s k against t h e benef i ts?I l

Issues o f command and con t ro l can a lso be studied. For example,
how should con t ro l systems be structured so t h a t bo th veh ic les
can behave equa l l y in te l l i gen t l y when they are apar t , but one
veh ic le i s recognized as t h e leader o f t h e group when they a re
together? How do they share knowledge acquired by only one?
What do they do if they cannot agree on a strategy?

The autonomous undersea vehic les selected f o r t h e MAW p r o j e c t
were designed and constructed by t h e Univers i ty o f New Hampshire
Mar ine Systems Engineering Laboratory. They a re based on the
EAVE-EAST design [ 2 ] . The MAW cont ro l system a r c h i t e c t u r e i s
based on t h e NASA/NBS standard reference model con t ro l system
arch i tec tu re (NASREM) [ 3 ] . The MAW p r o j e c t i s funded by the
DARPA Naval Technology O f f i c e . Figure 2 i s a picture, and Figure
3 a diagram, o f a MAW vehic le . The veh ic le i s grav i ty
s t a b i l i z e d i n pi tch and r o l l , w i t h th rus te rs t h a t a l l ow it t o be
con t ro l l ed i n x, y, z, and yaw. It i s a ba t te ry powered with t h e
b a t t e r i e s stored i n cy l i nd r i ca l tanks a t t he bot tom o f t h e
vehicle, and f l o t a t i o n tank on t h e upper p a r t o f t h e vehic le .
Each veh ic le c a r r i e s th ree acoustic navigat ion transponders which
al-low it t o measure t h e range and bearing t o navigat ion bouys
placed i n the water . The veh ic le has a compass, pressure and
temperature sensors, and bot tom and surface sounders. I n f r o n t ,
it has an obstacle avoidance sonar consist ing o f f i ve narrow beam
acoust ic t ransmi t ter - receivers. These are arranged such t h a t t h e
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center sonar beam points s t ra i gh t ahead, t w o point ten degrees t o
the right and l e f t , and two point ten degrees up and down f r o m
t h e center beam. Each veh ic le a lso c a r r i e s an r a d i o frequency
communications system and i n the future w i l l a lso have an
acoust ic communications system. Add i t iona l sensors planned f o r
the future include scanning imaging sonar, vision, and var ious
structured lighting techniques.

111. THE MAW CONTROL SYSTEM ARCHITECTURE

The MAW c o n t r o l system arch i tec tu re incorporates a number o f
concepts developed i n previous and on-going robot ics research
programs, including t h e NASA t e l e r o b o t i c s program [ 3 ] , the DARPA
Autonomous Land Vehic le [ 4 ] , t h e A i r Force/DARPA In te l l i gen t Task
Automation program [ 5 ] , t h e supervisory c o n t r o l concepts
pioneered by Sheridan a t M I T [ 6 ] , and t h e h i e r a r c h i c a l c o n t r o l
system developed f o r t h e Automated Manufacturing Research
F a c i l i t y a t t h e N a t i o n a l Bureau o f Standards [7- 91. The MAW
a r c h i t e c t u r e in teg ra tes many a r t i f i c i a l i n te l l i gence concepts
such as goa l decomposition, h i e r a r c h i c a l rea l - t ime planning,
model dr iven image analys is [ l o - 1 4 1 , blackboards [ 1 4 ] , and expert
systems i n t o a systems framework with modern con t ro l concepts
such as mult ivarient s t a t e space contro l , re ference model
adapt ive cont ro l , dynamic op t im i za t i on , and learn ing systems [ 1 5 -
181. The MAW arch i tec ture framework a l so r e a d i l y accommodates
concepts f rom operat ions research, d i f f e r e n t i a l games, u t i l i t y
theory, and value driven reasoning [l,19- 20]

A block diagram o f t h e NBS MAW con t ro l system arch i tec tu re i s
shown i n F igure 4 . I n t h e MAW c o n t r o l system arch i tec tu re t h e
t a s k decomposition modules perform rea l - t ime planning and t a s k
moni tor ing functions, and decompose task goals both s p a t i a l l y and
temporal ly , as shown i n Figure 5. The sensory processing modules
f i l t e r , co r re la te , detect , and i n t e g r a t e sensory in fo rma t ion over ‘

bo th space and t i m e so as t o recognize and measure pat terns,
features, objects, events, and re la t ionsh ips i n t h e externa l
wor ld . The w o r l d modeling modules answer queries, make
predict ions, and compute evaluat ion functions on t h e s t a t e space
defined by t h e in fo rmat ion s to red i n global memory, as shown i n
Figure 6. Globa l memory i s a database which contains t h e
system’s best est imate o f t h e s t a t e o f t h e ex te rna l world. The
wor ld modeling modules keep t h e g loba l memory database current
and consistent.

Task Decomposition - H modules
(Plan, Execute)

The task decomposition hierarchy consists o f H modules which plan
and execute t h e decomposition o f high l e v e l goals i n t o low l e v e l
act ions. Task decomposition involves both a s p a t i a l
decomposition ( i n t o concurrent act ions by d i f f e r e n t subsystems),
and a temporal decomposition ( i n t o sequent ia l act ions along t h e
t ime l ine) .
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Each H module a t each l e v e l consis ts o f th ree sublevels as shown
in Figure 4 :

1) a planner manager PM

2 ) a s e t o f planners P L ( i ) and

3 ) a s e t o f executors E X ( i ) .

These t h r e e sublevels decompose t h e input t a s k i n t o both
spa t i a l l y and tempora l l y d i s t i n c t subtasks as shown i n F igure 4.

For each leve l :

Planner Manager

The planner manager PM i s responsible f o r pa r t i t i on ing t h e t a s k
command i n t o i s p a t i a l l y o r l o g i c a l l y d i s t i nc t jobs t o be
performed by i physical ly subsystems. Each subsystem has a
planner/executor mechanisms. A t t h e upper l e v e l s t h e j o b
assignment module may a lso assign physical resources t o t h e
subsystems f o r each job.

Planners

For each j o b assigned t o a subsystem, the re ex i s t s a
planner P L ( i ) and a executor E X ( i ) . Each p lanner i s
responsible f o r decomposing i t s j o b assignment i n t o a
temporal sequence o f planned subtasks t o be executed by t h e
respec t i ve executor.

The planning hor i zon i s defined as the per iod into t h e
future over which a plan i s prepared. Each l e v e l o f t h e
hierarchy has a planning hor izon o f approximately two input
t a s k t i m e durations. Replanning i s done a t c y c l i c
i n t e r v a l s , as w e l l as whenever emergency conditions a r i s e .
The cyc l i c replanning i n t e r v a l i s about an order o f
magnitude less than the planning hor izon ( o r about equal t o
the expected output subtask t i m e durat ion) . Emergency
replanning begins immediately upon t h e de tec t i on o f
emergency condit ions.

Executors
Each executor E X ( i ) i s responsib le f o r successful ly
executing t h e plan prepared by i t s respect ive planner P L ( i ) .
If a l l t h e subtasks i n t h e plan a re successful ly executed,
then t h e goal o f t h e o r i g i n a l task will be achieved. The
executor operates by se lec t ing t h e f i r s t subtask f r o m t h e
current queue o f planned subtasks and outputting a
subconunand t o t h e appropr iate subordinate H module a t t i m e
t. The E X ( i ) module moni tors i t s feedback input i n order t o
servo i t s output t o t h e desi red subtask ac t i v i t y .
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The feedback a l so c a r r i e s subgoal event in fo rmat ion and a
t i m e o f day clock f o r coord ina t ion o f output between
executors a t the same l e v e l . When t h e executor detects a
subgoal event, it steps t o the next subtask i n t h e plan.

World Modeling - M modules
(Remember, Es t imate , Pred ic t , Evaluate)

The wor ld modeling l e g o f t h e h ie ra rchy consists o f M modules
which model ( i . e . remember, es t imate , p red ic t ) and evaluate t h e
s t a t e o f t h e wor ld. The wor ld model i s t h e system's bes t
es t imate and eva lua t ion o f t h e h is to ry , current s ta te , and
possib le f u t u r e s ta tes o f t h e wor ld , including t h e s ta tes of t h e
system being con t ro l l ed . The wor ld model includes both t h e M
modules and a knowledge base s to red i n g loba l memory where s t a t e
var iab les, maps, l i s t s o f ob jects and events, and a t t r i b u t e s of
objects and events are maintained. By t h i s de f in i t ion , t h e w o r l d
model corresponds t o what i s w ide l y known i n t h e a r t i f i c i a l
i n t e l l i gence community as a [ 1 4 1 .

As shown i n Figure 6, t h e M modules a t var ious leve ls :

a) M a i n t a i n t h e g loba l memory knowledge base, keeping
it current. The M modules update t h e knowledge base
based on c o r r e l a t i o n s and d i f f e rences between model
pred ic t ions and sensory observations.

b)
t h e
t h e

Provide p red ic t i ons o f expected sensory i
corresponding G modules, based on t h e

t a s k and estimates o f t h e ex te rna l world.

.nput
s t a t e

t o
o f

c) Answer "What is? ' * questions asked by the planners
and executors i n the corresponding l e v e l H modules. The
task executor requests in fo rma t i on about t h e s t a t e o f
t h e world, and uses the answers t o monitor and servo
t h e task, and/or t o branch on condit ions t o subtasks
t h a t accomplish t h e task goal.

d) Answer "What if?"questions asked by t h e planners
i n t h e corresponding l e v e l H modules. M modules
p red i c t the r e s u l t s o f hypothesized act ions.

e) Eva luate t h e cur ren t s i t u a t i o n and p o t e n t i a l future
consequences o f hypothesized act ions by applying
eva lua t ion funct ions t o current s t a t e s and t o future
s ta tes expected t o r e s u l t f rom hypothesized act ions.
The eva lua t ion functions include a se t o f values
assigned t o events such as veh ic le survival, subtask
completion, and in fo rmat ion gathered by the vehic les.
They a lso include a s e t of p r i o r i t i e s assigned t o each
o f these values.

The evaluat ion functions enable value driven decis ion
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l o g i c [ 2 0 ] a t severa l d i f f e r e n t h i e ra r ch i ca l l eve l s .
Working together , the wor ld model pred ic to rs ,
eva lua t ion functions, and t h e planners are able t o
search t h e space o f possib le futures, and choose t h e
sequence o f planned act ions t h a t produce the best
evaluat ion. The executors a re a l so able t o apply value
driven l o g i c t o moment by moment behav io ra l decisions.

G loba l Memory

G loba l memory i s t h e database i n which knowledge i s s to red about
t h e s t a t e o f t h e world, including t h e i n t e r n a l s t a t e o f t h e
c o n t r o l system.

Contents o f G loba l Memory

The knowledge i n t h e g loba l memory consis ts o f :

a) Maps which descr ibe t h e s p a t i a l occupancy o f t h e
wor ld. A map i s a s p a t i a l l y indexed database showing
t h e r e l a t i v e p o s i t i o n o f ob jec ts and regions. A t
d i f f e r e n t l e v e l s t h e maps have d i f f e r e n t reso lu t i on .
Resolut ion increases a t each successively lower l e v e l ,
w h i l e area covered by the map increases a t each
successively higher l eve l . The maps a t d i f f e r e n t
l e v e l s thus represent a pyramid s t ruc ture . Maps may
a lso conta in a number o f overlays. These over lays may
i nd i ca te values such as u t i l i t y , cost, r i s k , e t c . t o be
used f o r planning.

b) L i s t s o f a l l known objects, features, regions,
re lat ionships, and events a re l i s t e d i n t h e g loba l
memory database indexed by name, along with frames
containing t h e i r a t t r i bu tes . The ob jec t and fea tu re
frames contain in fo rmat ion such as pos i t ion , ve loc i t y ,
o r i en ta t i on , shape, dimensions, re f lec tance, co lo r ,
mass, and o the r in fo rmat ion o f i n t e r e s t . Event frames
contain in fo rmat ion such as s t a r t and end t ime,
duration, type, cost, payoff , etc. Recognized objects
and events may a lso have associated w i t h them
confidence leve ls , and degrees o f b e l i e v a b i l i t y and
dimensional ce r ta in ty .

A t d i f f e r e n t leve ls , ob jec t frames have d i f f e r e n t
l e v e l s o f d e t a i l and s p a t i a l resolut ion, and event
frames have d i f f e r e n t l e v e l s o f temporal reso lu t ion .

c ) S t a t e va r iab les which are t h e system's bes t
est imate o f t h e s t a t e o f t h e world, including both the
externa l environment and t h e i n t e r n a l s t a t e o f t h e H,
M, and G modules. Data i n g loba l memory i s ava i lab le
t o a l l modules a t a l l l e v e l s o f the con t ro l system.
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Implemention o f G loba l Memory

G loba l memory i n t h e MAW arch i tec tu re i s no t loca ted i n a s ing le
physical database, but i s distr ibuted over several computers,
memory boards, and mass storage devices on a W E bus. G loba l
memory i s , i n fac t , d istr ibuted over more than one vehic le .
Var iab les in g loba l memory are global ly defined, i .e., they may
be accessed (read o r w r i t t en ) by name f rom l o c a l processes
running a t any l e v e l . O f course, t h e t ime requ i red t o access a
g l o b a l v a r i a b l e i s n o t t h e same f o r a l l processes. For example,
i n order f o r a g loba l v a r i a b l e i n vehicle -A t o be read o r updated
by a process i n vehicle -B, the t w o veh ic les may have t o
rendezvous and communicate wor ld model updates. This may take
many minutes o r hours.

Sensory Processing - G modules
( F i l t e r , In tegra te , Detect, Measure)

The sensory processing l e g o f t h e MAW cont ro l hierarchy consists
o f G modules which recognize patterns, detect events, and f i l t e r
and i n t e g r a t e sensory in fo rmat ion over space and t ime. The G
modules a r e s i m i l a r t o t h e H modules i n t h a t they a lso cons is t o f
t h r e e sublevels which:

1) compare sensor observations w i t h wor ld model
pred ic t ions

2 ) i n t e g r a t e c o r r e l a t i o n and d i f f e rence over t i m e

3 ) i n t e g r a t e c o r r e l a t i o n and d i f f e rence over space

These s p a t i a l and temporal i n teg ra t i ons fuse sensory in fo rmat ion
f r o m mul t ip le sources over extended t i m e i n t e r v a l s . Newly
detected o r recognized events, objects, and re la t ionsh ips are
entered by t h e M modules i n t o t h e wor ld model g l o b a l memory
database, and objects o r re la t i onsh ips perceived t o no longer
e x i s t a re removed. The G modules a lso contain functions which
can compute confidence f a c t o r s and p robab i l i t i es o f recognized
events, and s t a t i s t i c a l es t imates o f stochast ic s t a t e v a r i a b l e
values.

V I . Functional Levels i n t h e MAW Hierarchy

The MAW con t ro l system hierarchy i s structured i n t o s i x layers ,
as shown i n Figure 3 and 6. A t each layer , a d i f f e r e n t
fundamental t rans fo rmat ion i s performed.

Level 1 -- Coordinate Transform/Servo
transforms coordinates from a veh ic le coordinate frame
i n t o ac tua tor coordinates. Th is l e v e l a l so servos
ac tua tor power.
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Level 2 -- Dynamic ( P r i m i t i v e )
works i n veh ic le o r w o r l d coordinates. It computes
iner t ia l dynamics, and generates smooth t r a j e c t o r y
pos i t ions , ve l oc i t i e s , accelerat ions f o r e f f i c i e n t
veh ic le maneuvers.

Level 3 -- Elementary Move (E-Move)
works i n both symbolic and geometric space. It
decomposes elementary move commands (E-moves) i n t o
str ings o f in te rmed ia te poses, o r dynamic (pr imi t ive)
l e v e l commands.

A s shown i n Figure 7, each MAW veh ic le consis ts of
th ree subsystems: p i l o t , communications, and sonar. E-
moves are defined f o r each veh ic le subsystem.

A p i l o t E-Move can be def ined as a smooth coordinated
mot ion o f t h e veh ic le designed t o achieve some
pos i t i on , o r i en ta t i on , o r "key- frame pose" i n s t a t e -
space, o r space - time. The l e v e l 3 p i l o t planner
computes clearance w i t h obstacles sensed by on-board
sensors and generates st r ings o f in te rmed ia te poses
t h a t de f i ne mot ion pathways between key- frame poses.

A communications E-move i s a message. The l e v e l 3
communications planner encodes messages i n t o s t r ings o f
symbols, adds redundancy f o r e r r o r detec t ion and
correct ion, and formats the symbols f o r transmission.

A sonar E-Move may be def ined as a temporal p a t t e r n o f
sonar pings o r a scanning pa t t e rn f o r a passive
l istening beam designed t o obta in a spec i f i c type o f
in fo rmat ion about a spec i f i c ta rge t . The l e v e l 3 sonar
planner decomposes sonar E-Moves in to pat te rns o f sonar
pings and scanning beam dwel l times.

Level 4 -- Vehic le Task

Leve l 4 works i n object / task space. It decomposes
vehic le commands, defined i n terms o f tasks t o be
performed by a single A W on a ta rge t object , i n t o
sequences o f E-moves, def ined i n terms o f veh ic le
subsystem act ions on aspects, o r features, o f an
ob jec t .
The l e v e l 4 planner manager decomposes veh ic le tasks
i n t o work elements t o be performed by the var ious
veh ic le subsystems. It also coordinates, synchronizes,
and resolves c o n f l i c t s between veh ic le subsystem plans.

The l e v e l 4 planners schedule sequences of E-Moves f o r
the p i l o t , the communications, and the sonar
Subsystems.

1 0



The l e v e l 4 p i l o t planner checks the wor ld model map t o
assure t h a t t h e r e ex i s t s a t l e a s t one pathway between
keyframe poses. From t h e map, it estimates t h e cost ,
r i sk , and b e n e f i t o f var ious routes and chooses a path
t h a t maximizes some cos t - benef i t eva lua t ion function.

The l e v e l 4 communications planner schedules t h e
messages t o be sent. It computes t h e value o f each
message, i t s urgency, t h e r i s k o f breaking
communications si lence, t h e power needed t o make the
message heard, and decides if and when t o send the
message.

The l e v e l 4 sonar planner analyzes t h e nature o f t h e
t a r g e t , plans scanning pa t te rns f o r passive o r a c t i v e
beams, est imates the value o f taking an a c t i v e sonar
sounding, and compares t h a t against t h e r i s k of
breaking si lence.

Level 5 -- Group

Leve l 5 decomposes group tasks i n t o veh ic le tasks.
Group tasks def ine ac t i ons t o be performed on groups o f
objects by groups o f autonomous vehic les. Leve l 5
decomposes these i n t o sequences o f tasks f o r individual
vehic les t o perform on individual objects. The l e v e l 5
r o u t e planners use a Group l e v e l wo r l d model map t o
compute v e h i c l e t r a n s i t t imes. Level 5 a l s o est imates
costs, r i sks , and b e n e f i t s o f var ious veh ic le t a s k
sequences. It schedules the act ions o f each AUV t o
coord inate w i t h t h e o ther A W i n the group so as t o
maximize t h e ef fec t i veness o f t h e MAW group.

Leve l 6 -- Mission

Level 6 decomposes a commanded MAW mission i n t o a
sequence o f group tasks and assigns p r i o r i t i e s and
values t o var ious group tasks and miss ion subtasks.
Missions are typ i ca l l y spec i f ied by a l i s t o f miss ion
object ives, p r i o r i t i e s , requirements, and t i m e l i n e
constra ints . The l e v e l 6 planning manager assigns
mission ob jec t i ves t o MAW groups. The l e v e l 6 planner
generates requirements f o r resources such as fue l , and
t ime, develops a schedule, and sets p r i o r i t i e s f o r each
respect ive group assignment. It schedules t h e
a c t i v i t i e s o f t h e group so as t o maximize the
ef fec t i veness o f t h e t o t a l mission.

V. Rea l Time Planning

One o f the unique features of t h e MAW hie ra r ch i ca l computing
arch i tec tu re i s i t s mul t ip le l e v e l s o f planners. These provide
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a unique a b i l i t y t o d e a l w i t h t h e rea l - t ime aspects o f planning
and task execution. Because planning i s done a t each leve l ,
plans a t any one l e v e l typ ica l ly consist o f l e s s than t e n steps,
and hence can be der ived r e l a t i v e l y quickly.

Planning i s done top-down. The highest l e v e l plan covers t h e
e n t i r e backlog o f tasks t o be accomplished by the end o f t h e
mission. A t each lower l e v e l , p lans are formulated (or selected)
i n rea l - t ime t o accomplish t h e next step (o r two) i n t h e plan o f
the l e v e l immediately above.

Figure 8 shows an example o f th ree l e v e l s o f h i e r a r c h i c a l
planning ac t i v i t y . The a c t i v i t y represented a t t h e highest l e v e l
i s input t o t h e t o p l e v e l H module as a task command. This t a s k
i s decomposed by t h e job assignment manager and three planners o f
the top H module i n t o th ree concurrent plans consisting o f fou r
ac t iv i ty - event pa i r s each. The f i r s t executor o f t h e t o p l e v e l H
module outputs t h e current subtask command i n i t s plan t o a
second l e v e l H module.

A t t h e second l e v e l , t h e input t a s k command i s further decomposed
by the H module i n t o t h r e e concurrent plans, each consist ing o f
fou r subtasks each. A t t h e th i rd l e v e l , t h e H module further
decomposes i t s input task i n t o th ree plans o f four subtasks.

A t each l e v e l , t he f i na l subgoal events i n the plans correspond
t o t h e goal o f t h e input task. A t each successively lower
l e v e l , t h e planning hor i zon becomes shor ter , and t h e subtask
a c t i v i t i e s become more de ta i l ed and f i n e structured.

The MAW c o n t r o l system always has a hierarchy o f plans i n place.
The MAW vehic les begin each mission with a mission plan, w i t h a
planning hor izon t o t h e end o f t h e mission. The group l e v e l
always has a plan f o r how t o accomplish t h e next t w o steps i n t h e
mission plan, and so on down t h e hierarchy. If t h e mission goes
as planned, each l e v e l o f the con t ro l system will always be ab le
t o a n t i c i p a t e t h e next subtask, and the re i s no need t o pause t o
replan. However, if unexpected events cause a plan a t some l e v e l
o f t h e hierarchy t o become obsolete, a new plan must be
generated. If a new plan cannot be developed i n t ime , t h e r e a l -
t i m e executor will be wi thou t a plan. A condit ion i n which one
o r more l eve l s has no plan ava i l ab le f o r execut ion can be
described as a s t a t e o f confusion. The executor must then
execute some preplanned emergency ac t ion unt i l t h e emergency
planner can generate a new plan.

VI. Implementat ion

Tlie MAW cont ro l arch i tec ture i s being implemented on t h e
computing systems shown i n Figure 9. I n each vehicle, a VME bus
supports high bandwidth communication between sensory processing,
world modeling, task planning, and task execution modules a t each
l e v e l o f t h e hierarchy. The set o f computing modules i s
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p a r t i t i o n e d between t h r e e separate single board computers so as
t o maximize t h e use o f p a r a l l e l computation. A t w o megabyte
common memory board i s used f o r communication between processes,
and a 800 megabyte o p t i c a l disk will be used f o r mass storage,
pSOS and PRISM f rom I r o n i c s i s being used as the rea l - t ime
mult i - processor operat ing system.

A lso shown i n Figure 9 i s the MAW software development and
simulat ion environment. A v a r i e t y o f sof tware development t o o l s ,
such as S u n workstations, a VAX 11/785, a micro - VAX, and I r i s
graphics systems, PC's and Duals are being t i e d in to t h e
development environment f o r code development and simulation,
Trans la to rs and cross compi lers are being provided so t h a t
sof tware developed i n t h i s environment can be downloaded i n t o t h e
68020 t a r g e t hardware f o r rea l - t ime execution.

The MAW computing arch i tec tu re can accommodate many add i t i ona l
computers as t h e complexity o f t h e tasks assigned t o the veh ic les
i s increased. I n t h e future, as v i s i o n and sonar arrays are
added t o t h e vehic les, t h e MAW computer systems will inco rpo ra te
spec ia l purpose computing elements, such as pipel ine image
processors and vec tor acce lera tors . These will physical ly
i n t e r f a c e w i t h t h e c o n t r o l system through t h e VME bus.

V I I . Conclusion

The MAW p r o j e c t i s an exper imental i n te l l i gen t machine system.
It incorporates each o f t h e e ight elements described i n sec t i on
I. The t h e current implementat ion, however, i s very pre l im inary
and incomplete. Much a d d i t i o n a l work remains t o increase t h e
soph is t i ca t i on o f t h e planners and executors a t a l l l eve l s , and
t o improve t h e w o r l d model representat ion o f geometry, topology,
and s p a t i a l re la t ionsh ips i n maps and ob jec t l i s t s . Many new
sensors and sensory processing algor i thms need t o be added.

The arch i tec ture f o r in te l l i gen t machine systems described
here provides t h e framework f o r integrat ing these a d d i t i o n a l
capab i l i t i es . Experience t o date suggests t h a t t h i s
arch i tec ture provides a framework f o r t h e rapid development o f
i n t e l l i gen t machine systems.
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FIGURE 3: A diagram o f a MAW Vehic le.
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